The population structure of Legionella pneumophila was investigated by analysing nucleotide sequences from six loci (flaA, pilE, asd, mip, mompS and proA) of 335 globally distributed isolates from clinical and environmental sources over a 29-year period (1977-2006). Data were obtained from unrelated isolates from Europe (n5270), Japan (n531), Canada (n57), the USA (n524) and Australia (n51). The country of origin of two strains was unknown. Analysis of these isolates indicated significant linkage disequilibrium between the six loci. Application of six sequence-based recombination detection tests did not reveal evidence of recombination, but estimates of rates of recombination and mutation made by a seventh test suggested that recombination could have occurred at a rate similar to, but probably lower than, that of mutation.
INTRODUCTION
Following the recognition of the aetiological agent of Legionnaires' disease in 1977 (McDade et al., 1977 , phenotypic and genotypic analyses of Legionella pneumophila have mainly focused on the short-term epidemiology of the bacterium. In this scenario, the aim has been to demonstrate potential environmental sources of infection, thereby allowing timely intervention, in order to prevent further infection. Many such methods have been developed and applied with the purpose of discriminating between epidemiologically unrelated strains of L. pneumophila, particularly those belonging to serogroup (sg) 1 (Edelstein et al., 1986; Fry et al., 1999; Saunders et al., 1990; Schoonmaker et al., 1992; van Ketel et al., 1984) .
The utility of the multi-locus sequence typing (MLST) approach, in which sequences from five to 10 housekeeping genes are determined, in the identification of major bacterial lineages associated with invasive disease was first described in 1998 (Enright & Spratt, 1998; Maiden et al., 1998) . Since then, this robust and portable technique (or variations of it) has been applied to the study of genetic diversity and clonal expansion, and to the long-term epidemiological analysis of microbial populations (see http://pubmlst.org/ and http://www.mlst.net/) (Giske et al., 2006; Paraskevopoulos et al., 2006; Vassileva et al., 2006) . (Stone & Abu Kwaik, 1998) , aspartate-b-semialdehyde dehydrogenase (Harb & Abu Kwaik, 1998) , macrophage infectivity potentiator (Engleberg et al., 1989) , a major outer-membrane protein of~29 kDa (Ehret & Ruckdeschel, 1985 ; accession no. AF078136, E. Christoph & W. Ehret, unpublished data) and zinc metalloprotease protein (Black et al.,1990) , respectively, are used to create allelic profiles in a pre-determined order, e.g. 1,4,3,1,1,1. This technique has been used in national and international outbreak investigation, and has been shown to be highly robust (Amemura-Maekawa et al., 2005; Harrison et al., 2006; Scaturro et al., 2005; Young et al., 2005) . As of 24 July 2007, the total number of distinct allelic profiles in the EWGLI SBT database for L. pneumophila was 181, and the number of designated allelic variants was as follows : flaA, 18; pilE, 24; asd, 25; mip, 30; mompS, 35; and proA, 26 (authors' unpublished data) .
The rationale of the MLST scheme, and the multilocus enzyme electrophoresis (MLEE) approach on which it was based, is to exploit the very slow accumulation of mutations in the population likely to be selectively neutral. Although the number of individual alleles within the population may be relatively small, acceptable levels of discrimination are achieved by combining many loci. The classic MLST schemes use house-keeping genes, which are not considered to be under diversifying pressure. In developing the SBT scheme for L. pneumophila, the aim was to maximize the discrimination between strains. A wide range of genes was therefore examined, including some frequently used in the classic MLST schemes, but also those coding for surface-expressed proteins and/or putative virulence genes. In addition to those described above, four other genes likely to be under stabilizing pressure have been considered in previous studies: acn, groES, groEL and recA (Gaia et al., 2003) . The acn gene encodes a major ironcontaining protein of L. pneumophila which demonstrates aconitase activity (Mengaud & Horwitz, 1993) , and recA encodes the RecA protein of L. pneumophila (Zhao & Dreyfus, 1990) . The groESL genes (also referred to as hsp10/ 60 and htpA/B) encode the 10 kDa (GroES) and 58 kDa (GroEL) common antigens in L. pneumophila (Hoffman et al., 1990; Sampson et al., 1990) . However, all four of these were rejected from inclusion in the SBT typing scheme, as they did not offer sufficient discrimination.
The L. pneumophila SBT scheme formally described by Gaia et al. (2005) contains five genes which were considered as likely to be under diversifying pressure (flaA, pilE, mip, mompS, proA) and one considered as under stabilizing pressure (asd). The mip gene encodes an immunophilin of the FK506 binding protein (FKBP) class, and although its precise role is not fully defined, Mip is an outer-membrane protein important in the intracellular cycle of Legionella (Cianciotto & Fields, 1992) .
The aims of this study were to determine the population structure of L. pneumophila through evidence of linkage disequilibrium (LD), sequence clustering, and any recombination; and to clarify whether the assumptions on positive selection for some of the loci are justified given the data.
METHODS
Strains. Data were obtained from L. pneumophila isolates from the following sources: (i) the EU Legionella culture collection (Fry et al., 1999 (Fry et al., , 2000 (Fry et al., , 2002 Gaia et al., 2003 Gaia et al., , 2005 ; (ii) the authors' strain collection following investigation of legionellosis (communityacquired, nosocomial or travel-associated) in the UK from 1977 to 2006; (iii) the National Collection of Type Cultures, Health Protection Agency Centre for Infections, London, UK; or from other published data (Amemura-Maekawa et al., 2005; Benson et al., 2006; Bernander et al., 2006; Coscollá & González-Candelas, 2007; Fendukly et al., 2007; Gilmour et al., 2007; Ratzow et al., 2007; Wong et al., 2006) . Only data from isolates considered epidemiologically unrelated to any other, or those subsequently shown to be unrelated to the index case isolate in each cluster, were included. This resulted in a dataset consisting of 335 L. pneumophila isolates from clinical and environmental sources, including 280 serogroup 1, 45 from other serogroups, and 10 whose serogroup was not known (Table 1) , from Europe (n5270), Japan (n531), Canada (n57), the USA (n524) and Australia (n51). The country of origin of two strains was unknown.
Allelic profiling. The six gene fragments flaA, pilE, asd, mip, mompS and proA were amplified and sequenced as described previously (Gaia et al., 2005) . Designation of alleles was according to the EWGLI SBT database (http://www.hpa.org.uk/cfi/bioinformatics/dbases.htm#EWGLI), and the combination of the alleles observed is represented as an ordered numerical vector. Strain data are summarized in Table 1 and further information is provided in Supplementary Table S1 .
DNA sequence analysis. Linkage disequilibrium was evaluated using the standardized index of association (I S A ) method (Haubold & Hudson, 2000) implemented in the START2 package (Jolley et al., 2001) . The I S A is calculated from the ratio of the variance of the observed mismatches in the test set (V D ) to the variance expected for a state of linkage equilibrium (V e ), scaled by the number of loci used in the analysis. The significance of the difference between V D and V e is estimated by resampling the input dataset without replacement (100 000 times in this study) and calculating the values of V D for each replicate of resampled data. The frequency with which V D exceeds V e can be used to provide an estimate as to the significance of the difference. Further evidence of recombination was sought using six additional recombination detection tests, implemented under the RDP package version 2.08: RDP (Martin & Rybicki, 2000) detects recombined fragments by statistical analysis of the composition of aligned sequence triplets; GENECONV (Padidam et al., 1999) seeks aligned segments for which a pair of sequences are sufficiently similar to be suggestive of recombination; Bootscan (Salminen et al., 1995) detects recombination breakpoint using bootstrapping of phylogenetic trees generated from sequence fragments; MaxChi (Smith, 1992) compares the composition of windows within pairs of aligned sequences in order to identify recombination breakpoints; Chimaera (Posada & Crandall, 2001 ) is a variant of the MaxChi method; and SiScan (Gibbs et al., 2000) is a method for measuring variations in the relatedness of aligned nucleotide sequences; the significance of detected variations is tested in the program using Monte Carlo randomization procedures.
The non-synonymous to synonymous nucleotide substitution ratio (d N /d S ) of each SBT locus fragment was estimated using the modified Nei and Gojobori method (Nei & Gojobori, 1986 ) using START2; estimates of positive/purifying selection for individual amino acid residues at each locus were carried out using Selecton (Stern et al.,
Population structure of L. pneumophila 2007) with default settings; the statistical significance of instances of positive selection was determined using a likelihood ratio test against results from a null model without positive selection. Rates of recombination and mutation were estimated using the LDhat package (McVean et al., 2002) .
Phylogenetic analysis. Genealogies were created using ClonalFrame (Didelot & Falush, 2007) . Two trees were created using all 127 unique allelic profiles, one estimating parameters of recombination and the other with recombination parameters fixed at zero. Simulations were run for 200 000 iterations, with 25 % discarded as burn-in. Three runs were performed for each model, with convergence tested using the ClonalFrame package, and a 50 % majority rule tree created for each.
To examine the phylogenetic resolution within the data from each of the loci, sequences were assessed using likelihood mapping (Strimmer & von Haeseler, 1997) under TREE-PUZZLE (Schmidt et al., 2002 ). An explanation of this and presentation of data are shown in Supplementary Fig. S1 .
Graph analyses. Minimum spanning trees (MSTs) were created using Kruskal's algorithm (Kruskal, 1956) applied to graphs G5(V,E), where V5{allelic profiles} and E5{relationships between vertices having an edit distance less than some threshold}; for the purposes of this study an edit is defined as a non-identity in an alignment of the two sequences or allelic profile vector. For analyses using the number of loci differences as the edit distance, an edge e(u,v) sE is created between vertices u and v if the number of locus variations is less than four; that is, only single, double and triple locus variants are connected. The graph using this criterion was designated G av (allele variants). Where each nucleotide polymorphism between two alleles is counted as an edit event, the threshold for edge creation was established at seven polymorphisms across all six loci. This threshold was determined by establishing the left-hand 2.5 percentile of the distribution of polymorphisms between all pairs of profiles; this graph is designated G nv (nucleotide variants). Each e(u,v) sE was weighted with the appropriate edit distance (allele variants or summed nucleotide polymorphisms). Clusters of related profiles were identified using the Bron-Kerbosch (BK) algorithm (Bron & Kerbosch, 1973) for finding the set of complete subgraphs (cliques) within the profile graph. In brief, a cluster of profiles is reported if each profile in the cluster is connected by an edge to every other profile. For the purposes of this analysis, in cases where two cliques share one or more edges, these are merged into a single cluster. Graph analyses were implemented in Java using the JUNG 1.7.6 graph library [http://jung.sourceforge.net/].
RESULTS AND DISCUSSION
Properties of the L. pneumophila unrelated dataset Table 2 summarizes the properties of the allele collections used in this study. The variability over each of the loci was broadly in line with the values determined by Gaia et al. (2005) , with inconsistencies between the values being explained by differences in the number of alleles and the resulting changes in the number of polymorphic sites. Relationships, established with graph algorithms and the BURST algorithm, between some of the allelic profiles of this dataset are shown diagrammatically in Fig. 1 ; profiles that did not belong to any minimum spanning tree (did not have any single-, double-or triple-locus variants) have been excluded from the figure. It is noteworthy that two strains known to belong to L. pneumophila subspecies fraseri (Los Angeles-1 and Dallas 1E) (Brenner et al., 1988) have very distinct allelic profiles (index nos 15 and 16; 11,14,16,18,15,13 and 11,14,16,25,7,13, respectively) , and together with two other variants form their own cluster. Of the three strains tested that belong to L. pneumophila subspecies pascullei, all share an identical profile (index no. 26; 14,18,8,18,28,19) and have no single-, double-or triplelocus variants within the dataset, and hence are not represented in Fig. 1 .
Allele frequency and nucleotide sequence-based techniques support a clonal population for L. pneumophila
In this study, two approaches have broadly been used to assess the extent of recombination and the clonal nature of L. pneumophila. The linkage disequilibrium analysis compared the variance of the pair-wise differences between the allelic profiles in the dataset to the variance of a null distribution assuming linkage equilibrium, and sequence data were exploited using the recombination detection package RDP.
The standardized index of association I S A (Haubold & Hudson, 2000; Ruiz-Garbajosa et al., 2006 ) is a commonly used measure of linkage disequilibrium in multi-locus datasets. The I S A is zero when complete linkage equilibrium is observed for a collection of loci. In these cases, the observed frequency of allele combinations approaches the expected frequency given the individual allele frequencies over the dataset; that is, the occurrences of the alleles are independent of each other. Significant (a51610 25 ) linkage disequilibrium was detected in the dataset of 335 isolates, with an I S A of 0.4949. It has been observed that in most populations, recombination must occur at least 20 times more frequently than mutation in order for a hypothesis of linkage equilibrium to be accepted (Hudson, 1994; Smith et al., 1993) . Since this is rather a broad range, the ratio of recombination rate to mutation rate (r/h) was estimated using the LDhat package in an attempt to quantify more precisely the extent of recombination, if any, over the SBT loci (Table 3 ). The estimates of r implied that recombination had occurred at a low rate for some of the loci, although the point estimates of r were usually lower than the estimates of h. To clarify this position, evidence for distinct recombination events was sought using the set of six methods implemented in RDP v2.08 (see Methods). Only one significant (a50.01) instance of recombination was predicted: the SiScan method predicted an event between pilE(3) and pilE(18), which have a total of 22 nucleotide differences between the alleles. However, since no other method identified this or any other recombination event, this seems most likely to be an artefact of the method.
These results provide support for the hypothesis that the loci used in the SBT scheme are in a state of linkage disequilibrium, and that mutation rather than recombination is Population structure of L. pneumophila the predominant mechanism behind genotypic differentiation in L. pneumophila. This view supports that of earlier work by Selander et al. (1985) on electrophoretic types, in which it was concluded that Legionella has a globally distributed clonal population, and by the more recent work of Coscollá et al. (2006) , in which no evidence of recombination was found in a collection of 25 environmental isolates from Spain using three SBT loci (flaA, proA and mompS), and extended regions around these loci. A later study of 31 isolates (the same set as before but with six additional ones) (Coscollá & González-Candelas, 2007) found contradictory evidence of recombination at 19 loci of L. pneumophila (the six SBT loci and 13 intergenic regions found to be conserved across the then three available L. pneumophila genomes), since one method found no evidence of recombination, while another method did find such evidence.
Allelic profile partition by graph clustering techniques
Graph algorithmic techniques applied to the graphs G av and G nv (see Methods; Supplementary Table S3) can efficiently delineate sequence clusters, which could equate to clonal complexes when a reasonable sequence identity cut-off is applied. Two graph algorithms were evaluated: minimum spanning trees (MSTs); and clique identification using the BK algorithm. The resulting partitions are compared to results obtained using the eBURST application (Feil et al., 2004) , since this is considered the standard approach. The BURST algorithm expands sequence clusters by adding the nearest profile (where distance is the number of variant loci between one profile within the cluster and a candidate profile outside the cluster), and this is equivalent to nearest-neighbour (single linkage) clustering. Only single-locus variants (SLVs) are eligible to be merged, and consequently the subtrees of the minimum spanning trees found in G av that are connected by SLV edges are identical to the groups found in the data by the eBURST application. These MSTs/BURST groups can be seen in Fig. 1 ; since the MSTs and BURST results are identical, MSTs are not discussed further. In contrast to BURST, the clique-finding approach is equivalent to complete linkage clustering, where a profile is added to a cluster only if it is below some maximum distance to every other member of the sequence cluster. The sequence clusters in this work are not strictly cliques, since they are composed of true cliques merged together on the basis of one or more shared edges. To acknowledge this distinction, sequence clusters identified by this method will be referred to as BK clusters; see Methods and Fig. 2 for a detailed example. Using a complete linkage methodology avoids the generation of clusters that are composed of chains of outliers where the mean pair-wise distance between all members of the cluster might actually be quite large.
In Fig. 1 59, 60, 61, 64, 65, 66, 6, 68, 69, 70, 72 , and 115} is split into three BK clusters {6, 9, and 10}, and examination of Fig. 3 supports this partition. The figure shows a distance matrix for the majority of the members of the BURST group (profiles 1,4,17 and 115 were removed for clarity) represented as a contour map. The contour map is symmetrical along its diagonal (bottom-left to top-right) axis; the distances in nucleotide differences summed over all six loci between pairs of profiles are shown in shades of grey. When one considers that this matrix covers a single BURST group, it is clear that there is finer structure that is lost when nucleotide edit distance is ignored. The clearly delineated darker islands in Fig. 3 correspond with the BK clusters 6,9 and 10; these areas represent collections of profiles in which all pair-wise distances between members of the cluster are small. Around these islands is a landscape of low sequence identity which undermines the definition of these allelic profiles as a single sequence cluster.
Mapping sequence clusters to phenotypic characteristics of L. pneumophila is a difficult process. The organism is an opportunistic pathogen of humans, and disease is always associated with an environmental source. Since infection of a human host is a terminal process, in the sense that both successful and unsuccessful infection results in the death of the pathogen, there is no mechanism by which the outcome of infection exists as a selective pressure. Selection resulting in discrete sequence clusters is therefore likely to be the result of complex factors in the natural environment, in either a biofilm community or a host amoeba. However, it is clear that sequence clusters do exist in these data, and that the choice of method used to delineate these clusters critically impacts their ability to represent the population. Defining sequence clusters as cliques on the graph of allelic profiles may not be applicable to all datasets, but in the case of these data, this approach better represents relationships within the data.
The BK clusters were used to investigate whether extant L. pneumophila exist in geographically distinct families. The 335 allelic profiles used in this study were gathered from globally distributed sources, although there is an obvious which originated from a single country. The BURST group containing the L. pneumophila subsp. fraseri samples {13,14,15} was distributed over Italy, England, US Virgin Islands, Spain and the USA. Therefore, it appears that this subspecies is also widely distributed. The allelic profiles examined in this work include the data used in a recent study on L. pneumophila strains of Japanese origin (Amemura-Maekawa et al., 2005) . In that study, only four of 15 unique profiles {5, 12, 20, 36, 40, 48, 64, 74, 92, 95, 100, 102, 111, 114, 120} were also found in Europe; Fig. 1 and Supplementary Table S2 show that an additional five of these profiles belong to BK clusters that contain strains from a wide variety of locations outside Japan, and therefore these strains are also likely to occur outside Japan.
The BK clusters support the conclusion of a clonal population for L. pneumophila by showing that within this sizeable sample, allelic profiles exist as populations of strains differing between each other by a few polymorphisms that represent genetic drift. Fig. 2 is a detailed exploration of one BK cluster, revealing that profile 48 (2,3,9,10,2,1) is a likely progenitor of this cluster, since it is only a single nucleotide (bold type) different from 39 (2,3,18,10,2,1), 47 (2,3,9,10,1,1) and 45 (2,3,6,10,2,1); it is worthy of note that BURST predicted the founder of this cluster as profile 39. This cluster is also an excellent example of clonal expansion, with clear drift by accumulation of single polymorphisms at different loci.
Genealogies inferred from the data corroborate sequence clusters
A comparison was made of genealogies created by ClonalFrame both with and without explicit modelling of recombination. The clades assigned by these processes are very similar, and the profiles that form the BK clusters are predominantly monophyletic in both genealogies. A feature common to both trees is the early separation of the fraseri and pascullei subspecies clusters from the remainder of the strains. Fig. 4 shows the genealogy of the profiles inferred with recombination parameters fixed at zero, and the only significant difference between this and the with-recombination genealogy is that branch lengths are longer (except at the leaves), reflecting the amount of time required to acquire the individual mutations compared to atomic recombination events (see Supplementary Fig. S3 for a tree modelled with recombination). Virtually every branch point of the withrecombination tree indicated a recombination event, but since the genealogies were congruent, it cannot be said that either model (with or without recombination) is the correct one.
The data suggest that clonal complexes (sequence clusters) exist in L. pneumophila, and that some contribution by recombination in the formation of these complexes cannot be ruled out. Clonal complexes have then expanded through the accumulation of mutations. Presumably, if recombination had played a part in the formation of the individual populations, then this would equally be observed within those populations. Since linkage disequilibrium is observed, this suggests either that recombination does not occur or that periodic selection has at some point minimized diversity within populations following subsequent recombination. This position is reinforced by the low number of polymorphisms seen between strains of a sequence cluster. In addition to low intra-complex recombination, a low rate of inter-complex recombination might be explained by the clones being separated soon after their inception by some physical barrier, either on a geographical scale or due to the clones occupying distinct Fig. 4 . Coalescent inferred using ClonalFrame with recombination parameters fixed at zero. Numbers at leaves are the profiles index (Table 1) and interior nodes are labelled with the BK cluster number (Fig. 2) , where appropriate.
ecological niches. Since the arguments above suggest that profiles are currently globally distributed, it could be concluded that if geographical separation was the barrier to recombination after formation of the clonal complexes, then this barrier has recently been overcome: the 'geotype+Boeing' model (Cohan & Perry, 2007 ). The geotype+Boeing model seems unlikely in this case, since the effective global dissemination of L. pneumophila strains would have happened too recently for the observed genetic drift to become evident. In addition to this empirical evidence, it is difficult to hypothesize how the advent of extensive international travel could efficiently seed an environmental organism, which does not transmit between humans, to the extent that geographical separation is no longer apparent. It seems more appropriate then to view the sequence clusters as representing clonal complexes adapted to specific ecologies. The presence of ecologically distinct complexes complements the conclusions of Cohan et al. (2006) , in which analysis of a large collection of mip alleles from several Legionella species suggested 11 ecologically diverse clusters (stable ecotypes) of L. pneumophila within that dataset.
The likelihood then is that stable populations have been established, possibly through recombination, and following adaptation have been maintained in genetic isolation due to constraints on passage between ecological niches. Strain (1,4,3,1,1,1) was suggested by Amemura-Maekawa et al. (2005) to be specific to cooling towers (in Japan, at least), and this could be one such stable ecology, following the opportunistic colonization of an artificial habitat that mimics a natural environment either in physical properties or, more likely, in the composition of the greater microbial community in these towers. That is, the characteristics of the biofilm formed in cooling towers may be critical to the colonization of this environment by this strain, due either to environmental characteristics such as temperature and humidity, or to the ease of seeding of these environments with early colonizers or amoebal hosts.
This study has found no irrefutable data to confirm recombination in L. pneumophila. However, L. pneumophila is naturally competent (Stone & Abu Kwaik, 1999) and evidence of recombination at the dotA locus has been presented in earlier studies (Bumbaugh et al., 2002; Ko et al., 2003) . The dotA gene was investigated as a potential locus during the development of the EWGLI SBT scheme, but was rejected on the basis of variability at the primer binding sites and the instability of the locus in terms of indels in the coding sequence (CDS) (authors' unpublished data; Bumbaugh et al., 2002) . Coscollá & González-Candelas (2007) did not find evidence of intragenic recombination in the loci (including the SBT loci) of their small environmental study, but confidently asserted that recombination was found between intergenic regions. Depending on the presence of regulatory sequence in these intergenic regions, this might represent a mechanism of adapting transcriptional activity and establishing functional differences between strains.
Evaluation of the effects of selective processes on the evolution of the SBT loci
In contrast to the conventional MLST schemes, which are composed exclusively of house-keeping genes considered to be under stabilizing pressure (see Introduction), the loci chosen for the L. pneumophila SBT scheme contain a majority of loci (flaA, pilE, mompS and proA) assumed to be under diversifying pressure. These loci were expected to display a greater degree of nucleotide polymorphism and so provide for greater discrimination. For alleles of loci under stabilizing selection, substitutions resulting in a nonsynonymous codon are less likely to confer a selective advantage and therefore not to persist in the population; this would result in lower d N /d S ratios. The results of these analyses (Table 2) do not fully reflect the assumption that several of the SBT loci are under positive selection. As expected, however, the surface membrane components mompS (which is the most diverse locus) and pilE have the largest d N /d S ratios, and the Selecton method indicates statistically significant evidence of positive selection in mompS (a50.05) and pilE (a50.01). The remaining loci were not indicated as having residues under significant positive selection by this method. The two other loci expected to exhibit evidence of positive selection, proA and flaA, displayed unexpected characteristics: the d N /d S ratio of proA was much smaller than for any other loci (0.024, compared to the next smallest 0.047 for flaA); and flaA appears as stable as the house-keeping gene asd. The d N /d S value calculated for the proA fragment contradicts the assumption that this locus, a secreted virulence factor, is under positive selective pressure, and suggested that nonsynonymous substitutions predominate in the population. Given this apparent disparity from the rest of the d N /d S results, a more detailed examination was undertaken. The mature protein product of proA is a secreted metalloprotease which has been shown to have broad specificity and cytotoxic activity (Black et al., 1990; Moffat et al., 1994) . In the SBT scheme, the fragment of proA that is used to define the allele (reference sequence M31884; positions 1134-1538) corresponds approximately to amino acids 139-276 of the mature protein. Examination of the allelic variation of the proA fragment revealed that, of the 38 polymorphic sites, 10 are conspicuously clustered in a 28 nt region corresponding to amino acids 167-176 (see Supplementary  Fig. S2 ). Only one substitution within this region is nonsynonymous, and this results in the highly conservative substitution of valine by isoleucine. According to GenBank Entrez annotation CAH1473, the SBT region lies within a predicted thermolysin metallopeptidase a-helical domain (Conserved Domain Database designation Peptidase_M4_C; Marchler-Bauer et al., 2005) . Fortuitously, this domain is represented in the Protein Data Bank (Berman et al., 2000) by the crystal structure of a Bacillus cereus protein (1NPC). Examination of this structure revealed that the nine amino acids of the highly polymorphic but stable region (amino acid residues 167-176) fold to an a-helix in the mature protein. This helix forms the floor of the substrate binding site of the domain, and along its length two conserved histidine residues coordinate a zinc ion that is known to be essential for activity (Dreyfus & Iglewski, 1986) . The apparent stability of the proA fragment might be understood in the light of the observation that non-synonymous mutations in this region could eliminate the ability of the helix to bind the zinc ion, or disrupt the a-helical structure and, therefore, the substrate binding specificity or activity of the enzyme. This might explain why the substitutions are silent, but does not explain the high frequency of the substitutions in this region, as compared to the rest of the sequence. Interestingly, this pattern of clustered polymorphisms has been observed in a homologous domain (from the autolysin family), and this was attributed to local, small-scale recombination with a highly similar bacteriophage protein (Whatmore & Dowson, 1999) . This suggests the possibility of a phage role in the evolution of this virulence factor. These data show that structural constraints may have impacted the local d N /d S ratio of the proA fragment, and, since only fragments of the SBT loci are available for analysis, a value presented in Table 2 may not be representative of an entire locus. Furthermore, the assignment of a single d N /d S ratio to an entire structure, rather than to distinct functional domains which may be composed of sequences that are not contiguous in the primary sequence, may be inappropriate, since each domain may be under different selective pressure. For example, the specificity or activity of an enzyme may usefully be optimized to an environment by positive selection, while the requirement for a particular co-factor might remain constant, resulting in varying rates of accumulation of synonymous and non-synonymous substitutions.
The positive selective pressure observed at the pilE and mompS loci (indicated by the Selecton results and d N /d S ratios) is not seen at the locus of the other outermembrane protein in the SBT set, flaA. This may be due to the location of the fragment analysed in the structure of the mature protein, or could be a more general reflection of necessary conservation of function. The flaA product is necessary for lysis of macrophages (Molofsky et al., 2005) following the replicative phase and preceding the infective phase of Legionella. Although this does not benefit the microbe after infection of a human host, since human to human transmission has not been observed, the process is critical to the life cycle of Legionella in its amoebal host, and this may provide the reproductive benefit necessary for the observed sequence conservation. However, since both the length-normalized average nucleotide differences between alleles, and the variability values (see Table 2 ) for flaA are similar to those of pilE and mompS, it seems likely that the observations on selective pressure at this locus are due to some structural constraint, as seen in the proA fragment.
The mip gene product plays a critical role in the pathogenicity of L. pneumophila, but its exact role is unclear, as the substrate of the Mip protein peptidyl-prolyl cis/trans isomerase activity (Fischer et al., 1992 ) has yet to be determined. Viewing Mip simply as an enzyme that must be constrained in order to maintain correct function might explain the similar d N /d S ratio of mip (0.061) to that of the house-keeping asd locus (0.048). However, as noted by Bumbaugh et al. (2002) , the mip locus displays considerable diversity over Legionella species and therefore the mip product retains an appropriate function over a diverse range of sequences. Although the Selecton method did detect possible instances of positive selection at five of the 132 amino acid residues of the mip fragment, these were shown not to be significant by the likelihood ratio test.
In conclusion, significant linkage disequilibrium between the six SBT loci was found, with contradictory results making definitive statements difficult with respect to the history of recombination in this organism. The allelic profiling analyses provide evidence of a clonal nature for L. pneumophila, though genealogies inferred from the sequence data suggest that clones may initially have formed through recombination events. The same partitions are also predicted when mutation alone is modelled, though at a slower rate. Estimates of ratios of recombination to mutation rates were low, though not zero, indicating a greater role for mutation overall. None of the methods of recombination detection implemented under the RDP package indicated recombination, and coalescent genealogies inferred using models both with and without recombination are congruent with regard to sequence clusters delineated using graphical techniques. Therefore, it can be said with some confidence that these data indicate that frequent recombination does not play a major role in diversification of this species, though it may have had a role in the formation of ecologically distinct types in the past. Systematic detailed sampling of defined environments would contribute greatly to answering questions on whether L. pneumophila exists in distinct ecologies, and to what extent and by what mechanism sequence variation occurs within any such communities. With a considered sampling scheme it might then also be possible to correlate genotypes with ecological phenotypes. Regarding selective pressures acting on the SBT loci, two of the putative virulence loci (outer-membrane proteins mompS and pilE) were found to be under diversifying pressure, while three other loci linked to virulence (flaA, proA and mip) did not reveal evidence of diversifying selection in the regions under examination.
Recently, an additional gene, neuA, encoding N-acylneuraminate cytidylyl transferase, was proposed (Ratzow et al., 2007) as an addition to the Gaia et al. (2005) scheme on the basis that it offers increased discrimination of serogroup 1 strains. Further studies are planned to assess the contribution of this new target in describing the population of this fascinating species. 
